The dystroglycans (␣-DG and ␤-DG), which play important roles in the formation of basement membranes, have been well studied in skeletal muscle and nerve, but their expression and localization in intestinal epithelial cells has not been previously investigated. Here, we demonstrated that the DG complex, composed of ␣-DG, ␤-DG, and utrophin, is specifically expressed in the basolateral membrane of the Caco-2-BBE monolayer. The DG complex coprecipitated with ␤ 1-integrin, suggesting a possible interaction among these proteins. In addition, we observed that activation of DG receptors by laminin-1 enhanced the interaction between ␤ 1-integrin and laminin-1, whereas activation of DG receptors by laminin-2 reduced the interaction between ␤ 1-integrin and laminin-2. Finally, we demonstrated that the intracellular COOH-terminal tail of ␤-DG and its binding to the DG binding domain of utrophin are crucial for the interactions between laminin-1/-2 and ␤ 1-integrin. Collectively, these novel results indicate that dystroglycans play important roles in the regulation of interactions between intestinal epithelial cells and the extracellular matrix.
DYSTROGLYCANS (DGs) were first identified in skeletal muscle as a component of the dystrophin-glycoprotein complex (DGC) (15) . DGs are composed of ␣-and ␤-subunits derived from a posttranslational modification of a protein encoded by a single gene (25, 26) . In skeletal muscle, ␣-DG is an extracellular peripheral membrane glycoprotein that binds to laminin-2 in the extracellular matrix (ECM) (47) , whereas ␤-DG is a transmembrane glycoprotein that anchors ␣-DG to the membrane (56) and binds intracellularly to dystrophin/utrophin and the associated cytoskeletal F-actin (29, 48) . Thus the DGs span the sarcolemma and provide a link between the ECM and the cytoskeleton (14) . Mutations in genes encoding a number of DGC components have been shown to disrupt this DG-mediated linkage, leading to various forms of muscular dystrophies in humans and mice (7) . These biochemical and genetic data suggest that the connection between the ECM and the cytoskeleton provided by the DG complex serves to stabilize the sarcolemma during contraction-induced stress. However, to date, no form of muscular dystrophy has been associated to the DG gene itself. Unlike some of the other DGC components, DG is expressed in a broad array of adult tissues (25, 26) . In addition, several dystrophin and utrophin isoforms are ubiquitously expressed (6, 44) . Of these, DG is the most widely expressed component; it is found at high levels in many cell types including epithelial cells, where it is particularly prominent on the basal sides that face basement membranes (11, 25, 52) . Studies have shown that ␣-DG binds to other molecules such as laminin-1, agrin, and perlecan (18, 19, 43, 49) , whereas ␤-DG binds to dystrophin isoforms Dp71, Dp116, and Dp260 (29) , and has been shown to be associated with utrophin (28) . Thus different DG complexes may form in different tissues, implying that DG may have important roles outside of skeletal muscle. Indeed, DG has been implicated as a laminin/agrin receptor involved in epithelial cell development, basement membrane formation, and synaptogenesis (11, 22, 52) .
Full-length dystrophin (Dp427) is mainly expressed in muscle (3) and in the brain (23) . Other NH 2 -terminally truncated isoforms have been described (Dp260, Dp140, Dp116, and Dp71); of these, Dp71 appears to be ubiquitously expressed (6, 17) . Utrophin (Up395) is a dystrophin homolog that shows some conserved expression of alternative transcripts (Up140, Up113, and Up71) (2, 53, 57) . The large utrophin protein is widely expressed, and is most abundant in several nonskeletal muscle tissues (16, 40) , including small intestine epithelial cells (36, 44) . It is not known whether the dystrophin-associated protein complex is assembled with utrophin at these sites; in general, little is known about the function of utrophin, dystrophin, and the DGC in nonmuscle tissues such as intestinal epithelial cells.
In addition to DGs, other cell surface receptors for laminins are the integrins (24) , which are a large family of cell surface receptors involved in cell adhesion to the ECM. In epithelial cells, the main integrins belong to the ␤ 1 and ␤ 4 classes and bind to basement membrane molecules such as laminins and type IV collagens. Previous studies have shown that integrins and DGs can play critical roles in cell morphogenesis and growth control of epithelial cells (38) . Although previous studies have examined the integrin complex in intestinal epithelial cells (1) , no study has investigated nonintegrin laminin receptors in intestinal epithelial cells. Here, we examined the expression and role(s) of DG in the cell/ECM interactions of intestinal epithelial cells.
MATERIALS AND METHODS
Antibodies. The mouse anti-␤-DG monoclonal antibody (MAb), 43DAG, was obtained from Novocastra (Burlingame, CA) and the goat polyclonal anti-␤-DG was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-␣-DG MAbs, VIA41 and IIH6, were obtained from Upstate Biotechnologies (Lake Placid, NY). In the function-blocking experiments, the IIH6 antibody was used as a function-blocking antibody, and VIA41 was used as a control at a minimum concentration of 10 g/ml (4, 11, 13) . The mouse antiutrophin MAb, MANCHO7 (39) , was kindly donated by Professor G. E. Morris (N. E. Wales Institute). The mouse anti-␤ 1-integrin MAb, MAB1959, was obtained from Chemicon International (Te-mecula, CA) and was also used for the function-blocking studies at 10 g/ml. The mouse anti-␤ 3 integrin MAb, MAB1957, was obtained from Chemicon International and used as the control in the functionblocking experiments at 10 g/ml. The anti-V5 MAb was obtained from Invitrogen (Carlsbad, CA). For irrelevant antibodies, the mouse anti-IgG1 and IgG2 isotypes MAb (R&D Systems, Minneapolis, MN), were used as negative controls for immunoprecipitations and confocal experiments. For the secondary antibodies, horseradish peroxidase-linked anti-mouse antibodies were purchased from Amersham Bioscience (Buckinghamshire, UK) and fluorescein isothiocyanate-conjugated/ -goat anti-mouse immunoglobulin IgG was purchased from Santa Cruz Biotechnology.
Cell culture. Caco-2-BBE (5, 37) cells (passages 30 -50) were grown in high glucose Dulbecco's Vogt modified Eagle's media (Invitrogen) supplemented with 14 mM NaHCO 3, 10% (vol/vol) heat-inactivated fetal bovine serum (Invitrogen), and 1.5 g/ml Plasmocin (Invitrogen). Transfected cells were maintained in the same medium containing 1.2 mg/ml G418 (Life Technologies, Rockville, MD). Cells were kept at 37°C in 5% CO 2 and 90% humidity, and the medium was changed every day. Monolayer was subcultured every 7 days by trypsinization with 0.25% trypsin (Gibco, Invitrogen). Biotinylation and confocal microscopy experiments were performed with confluent monolayer plated on permeable supports (area ϭ 1 cm 2 ; pore size ϭ 0.4 m; Transwell-Clear polyester membranes from Costar VWR, Suwannee, GA) and examined 15 days postplating. For protein, membrane, or RNA extractions, Caco-2-BBE cells were plated in six-well plates (Costar VWR) at a density of 10 4 cells/cm 2 and examined 15 days postplating. For experiments using the electric cell-substrate impedance sensing (ECIS) system, 8W1E arrays were used (Applied BioPhysics, Troy, NY). Cells were trypsinized, counted, and plated at 0.2 ϫ 10 6 cells/well. In experiments studying cell adhesion to protein-coated surfaces, we flooded the electrode with a 10 g/ml solution of laminin-1 (Sigma, St. Louis, MO) or laminin-2 (Chemicon International) in phosphate-buffered saline (PBS) for 30 -40 min at room temperature. Human laminin-2 protein was affinity purified with the anti-laminin-2 specific MAb 5H2 (MAB1922) and was thus immunologically and biologically similar to human laminin-2 (Chemicon International).
Reverse transcription polymerase chain reaction (RT-PCR).
The expressions of DG and utrophin in Caco-2-BBE cells were determined by RT-PCR using oligonucleotide primers specific for DG and utrophin. Total RNA was isolated from Caco-2-BBE cells using a Qiagen kit (Qiagen, Valencia, CA). RT was carried out using random oligonucleotide primers to generate first-strand cDNA, and PCR conditions were determined according to the primer characteristics. The following specific primers were designed and ordered from Invitrogen: single DG gene, sense 5Ј-AAC CCA ACC AGC GCC CAG AGC-3Ј,  antisense 5Ј-CGG GTG ATA TTC TGC AGG GTG ATG G-3Ј;  utrophin isoform Up71, sense 5Ј-TGG GGA AGA TGT ACG AGA  CT-3Ј, antisense 5Ј-TGA TGA GTG TGA TAG GAG TCT-3Ј;  utrophin isoform Up113, sense 5Ј-CCT GAA TAA TGT ACG TTT  TTC TGC-3Ј, antisense 5Ј-GAG ACA CAT ATC AAC ACA GAG  T-3Ј; utrophin isoform Up140, sense 5Ј-AAA GGT GGT GCT AGT  ATC ATC TGC G-3Ј, antisense 5Ј-CTG AGG ATG GCG CTG TTC  TAA G-3Ј; utrophin isoform Up395, sense 5Ј-AGA GCA GTG TGG  GCA GCG TC-3Ј, antisense 5Ј-CAT CAT CCA GGG GGC AAG  TTT CCA-3Ј; ␤-actin (internal control), sense 5Ј-TCA CCC ACA  CTG TGC CCA TCT-3Ј, antisense 5Ј-ACG GAG TAC TTG CGC  TCA GG-3Ј . PCR products were electrophoresed on ethidium bromide-stained 1% agarose gels in Tris-acetate-EDTA.
Plasmid construction and transfections. The full-length DG cDNA was PCR cloned using specific primers (sense 5Ј-GGG ATG AGG ATG TCT GTG GGC CTC TCG CTG CTG-3Ј, antisense 5Ј-AGG TGG GAC ATA GGG AGG AGG-3Ј). To generate the COOHterminally truncated DG, we used a different antisense primer (5Ј-CTT CTC CTC CTG CAG AAT GAG TGG CA-3Ј). The DG binding domain of the utrophin (residues between 3057 and 3107) was amplified using the following utrophin-specific primers: sense 5Ј-CGA GTG GCA GCA GCG GAG ACT-3Ј, antisense 5Ј-GTG ACC  TTT TGC TGT TCG ACC CG-3Ј . This region of 51 amino acids includes the three cysteine residues C3070, C3073, and C3076 that were shown to be the most critical residues for the binding between utrophin and ␤-DG (27) . After gel extraction using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), the PCR products representing DG, truncated DG, and the DG binding domain of utrophin were ligated into the pcDNA 3.1/V5-His TOPO TA expression vector (Invitrogen). Plasmids were purified using the Qiaprep Miniprep kit (Qiagen) and sequenced (Lark Technologies, Houston, TX). The V5 epitope is present in the COOH-terminal side of the inserted protein (Fig. 3A) . Subconfluent Caco-2-BBE cells were stably transfected with the various constructs using Lipofectine (Invitrogen) according to the manufacturer's instructions. Transfectants were selected in medium containing 1.2 mg/ml G418 (Life Technologies).
Western blot analysis. For total protein extraction, cells were lysed for 30 min at 4°C in ristocetin-induced platelet aggregation (RIPA) lysis buffer [150 mM NaCl, 0.5% sodium deoxycholate, 50 mM Tris ⅐ HCl (pH 8.0), 0.1% SDS, 0.1% NP-40] supplemented with protease inhibitors (Roche Diagnostics, Mannheim, Germany). The homogenates were centrifuged at 13,000 g for 30 min at 4°C, and the supernatants were collected for Western blot analysis. Protein concentrations were determined using the Lowry method (DC protein assay; Bio-Rad, Hercules, CA). Protein extracts were mixed in tricine sample buffer (Bio-Rad), boiled for 5 min, separated on a 4 -20% gradient Tris-glycine-SDS polyacrylamide gel (Costar VWR), and then transferred to nitrocellulose membranes. Membranes were blocked overnight at 4°C or for 1 h at room temperature with 5% nonfat milk in blocking buffer and then incubated 1 h at room temperature with the specific primary antibody using the manufacturer's recommended dilutions. After three 10-min washes in blocking buffer, membranes were incubated for 1 h at room temperature with the appropriate horseradish peroxidase-conjugated secondary antibody (diluted 1:1,000). Membranes were washed three times, for 10 min each time, in blocking buffer and immunoreactive proteins were detected on films using an enhanced chemiluminescence substrate according to the manufacturer's instructions (Amersham Biosciences, Uppsala, Sweden).
Cell surface biotinylation. Cells were grown on filters and rinsed twice with PBS supplemented with 0.1 mM CaCl2 and 1 mM MgCl2. The apical or basolateral sides of the monolayer were incubated with freshly prepared sulfosuccinimidobiotin (EZ-link sulfo-NHS-biotin; Pierce, Rockford, IL) in PBS supplemented with 0.1 mM CaCl2 and 1 mM MgCl 2 (1 mg/ml) for 30 min at 4°C. The reaction was quenched with 50 mM NH 4Cl (5 min at room temperature). Cells were then scraped off and lysed for 30 min at 4°C in (RIPA) lysis buffer supplemented with protease inhibitors (Roche Diagnostics). After 30 min centrifugation (13,000 g at 4°C), protein concentrations were determined using the Bradford protein assay (Bio-Rad), and the supernatants were incubated with immobilized NeutrAvidin (Pierce) overnight at 4°C to bind biotinylated proteins. After centrifugation, the beads were washed twice in PBS (20 min at 4°C), once in a buffer of 500 mM NaCl, 20 mM Tris (pH 8.0), 0.5% Triton X-100, and 0.2% BSA, and rinsed in PBS. The beads were then boiled for 5 min in tricine sample buffer (Bio-Rad), and Western blot analysis was performed as described above.
Membrane preparations. For membrane preparations, cells were washed twice in PBS and then scraped into PBS. After centrifugation (400 g for 10 min), each cell pellet was resuspended and carefully homogenized with a Dounce homogenizer in HEPES (5 mM) containing protease inhibitors. After centrifugation at 13,000 g for 30 min at 4°C, the resulting pellet was suspended in PBS by repeated passage through an 18-gauge needle. The protein concentrations in the membrane suspension and total extracts were quantified using the Bradford assay.
Confocal immunofluorescence. Caco-2-BBE cells grown on filters were washed twice with PBS (pH 7.4) (Invitrogen) supplemented with 0.1 mM CaCl2 and 1 mM MgCl2 (PBS-Ca/Mg), and fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Washington, PA) in PBS-Ca/Mg for 15 min at room temperature. After three washes with PBS-Ca/Mg, cells were preincubated at room temperature for 30 min in immunostaining buffer (PBS-Ca/Mg with 3% BSA and 0.1% Triton X-100) and incubated for 40 min at room temperature with Alexa Fluo 568-conjugated phalloidin (1 U/filter; Molecular Probes, Eugene, OR) diluted in immunostaining buffer. Cells were then washed twice in PBS and exposed to mouse anti-utrophin MAb or anti-V5 or irrelevant anti-IgG isotype for 1 h at room temperature. After washing twice in PBS, cells were incubated with a goat anti-mouse antibody conjugated to Alexa Fluo 488 (1:200, Molecular Probes), for 1 h at room temperature. After washing, coverslips were mounted with the Slowfade medium (Molecular Probes) and microscopy was performed using a Zeiss epifluorescence microscope equipped with a Bio-Rad MRC600 confocal unit, computer, and laser-scanning microscope image analysis software (Carl Zeiss, Jena, Germany) (5) .
Cell attachment/spreading assays. Cell attachment studies were carried out using the ECIS technology (Applied BioPhysics) (20, 21, 31) . The ECIS technology has been proved to be one of the most precise and sensitive research methods to monitor real-time cell spreading and attachment. Although ECIS does not directly detect cell attachment, it does detect cell spreading, and this requires cell attachment. ECIS measures cell spreading as a reduction in the electrode capacitance or an increase in electrode resistance and impedance. The ECIS device is based on alternating current (AC) impedance measurements using weak and noninvasive AC signals, as previously described (51) . Attachment and spreading of cells on the electrode surface changes the impedance, allowing morphological interpretations of the attached cells. The measurement system consisted of an eight-well culture dish (ECIS 8W1E plate) kept at 37°C in 5% CO2 and 90% humidity. Each well contained a small active electrode (area ϭ 5 ϫ 10 Ϫ4 cm 2 ) and a large counter electrode (area ϭ 0.15 cm 2 ) at the bottom of each well. A lock-in amplifier (model SR830; Stanford Research Systems, Sunnyvale, CA) with an internal oscillator relay was used to switch among the different wells, and a computer was used to control measurements and store data. For the capacitance measurements of Caco-2-BBE cells, we used a frequency of 40 kHz and a voltage of 1 V. The capacitance data at 40 kHz has been shown to be a measure of the amount of open electrode area. Under these operating conditions, the plasma membranes of attached cells acted as insulating particles, blocking current flow and allowing detection. The measurements essentially report only the fraction of the electrode covered with cells and therefore mimic the data obtained with normal microscopy. Details on the operation, equivalent resistance-capacitance circuit, and modification of the ECIS system have been described elsewhere (55) . Capacitance measurements were collected from each well every 30 s. In experiments studying cell adhesion to a protein-coated surface, we flooded the electrode with a solution of the relevant protein in saline for 60 min. For dose-response experiments, electrodes were separately coated with laminin-1 or laminin-2 at concentrations of 0.1, 1, 10, and 20 g/ml. Cell attachment inhibition assays were performed based on the cell adhesion assays. Cell suspensions [4 ϫ 10 5 cells/ml in serum-free DMEM containing 10 mM HEPES (pH 7.4) and 0.5% BSA] were incubated with 10 g/ml of function-blocking MAb or control antibody for 20 min at room temperature. The preincubated cells were added to the wells that had been coated with different proteins. We determined the capacitance shift (s ϭ Ϫ⌬C/⌬t) between C ϭ 4 nF and C ϭ 2 nF by means of linear regression, as described elsewhere (51); "s" corresponds to the rate of cell spreading. We chose this range of capacitance data for analysis, as it more or less symmetrically embraced the capacitance values at t1/2. We calculated the t1/2 for each result.
Statistics. Results are expressed as means Ϯ SE. Statistical significance was determined using the ANOVA test.
Immunoprecipitation. Cells were washed with ice-cold PBS and then lysed on ice in 1 ml of lysis buffer [50 mM Tris ⅐ HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40] containing 1 tablet of protease inhibitors. The lysates were centrifuged at 12,000 g for 30 min at 4°C, and the resulting supernatants were subjected to immunoprecipitation and immunoblot analysis. For immunoprecipitation, supernatants were transferred to fresh tubes, the appropriate amount of specific antibody (1/50 dilution) was added, and samples were gently rocked for 3 h at 4°C. Subsequently, 50 l of protein G suspension was added to the mixture and incubated overnight at 4°C. Beads alone and irrelevant anti-IgG isotype MAb were used as negative controls. The complexes were collected by centrifugation at 12,000 g for 20 s by microcentrifuge. The beads were washed for 20 min each twice with buffer 1 [50 mM Tris ⅐ HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P40], twice with buffer 2 [50 mM Tris ⅐ HCl (pH 7.5), 500 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40] and once with buffer 3 [10 mM Tris ⅐ HCl (pH 7.5), 0.1% Nonidet P-40]. The agarose pellets were overlain with 50 l gel Tricine loading buffer (Bio-Rad), boiled 5 min at 100°C, and subjected to Western blot analysis as described above.
TNT expression. We used the TNT T7 quick coupled transcription/ translation system (Promega) to verify our constructs. We mixed 40 l of TNT T7 quick master mix, 2 l of [
35 S]methionine, 1 g of pcDNA 3.1/V5-His TOPO TA expression vector, and H2O for a total volume of 50 l. The mixture was incubated at 30°C for 90 min. After addition of 20 l of Tricine sample buffer, the product was denatured at 65°C for 10 min and resolved by 4 -20% SDS-PAGE. The resulting gel was dried with a model 583 gel dryer (Bio-Rad) and exposed to film (Pharmacia) overnight at room temperature.
RESULTS

Caco-2-BBE cells express DG and utrophin.
The expression of DG and utrophin genes in Caco-2-BBE cells was analyzed by RT-PCR. We observed the expression of the single DG mRNA and two utrophin isoforms, apparently Up140 (exons 46 -47) and Up395 (exons 10 -11) (results not shown). DG and utrophin expression was further tested at the protein level. Immunoblot experiments performed on Caco-2-BBE whole cell, membrane, and cytosol extracts showed that both ␣-DG and ␤-DG were present predominantly in the membrane fraction (Fig. 1, A1 and A2) . A single broad band was detected for ␣-DG with a molecular mass of ϳ120 kDa (Fig. 1A1) , whereas ␤-DG was identified as a ϳ43-kDa band accompanied by a ϳ31-kDa band (Fig. 1A2) , presumably originating from proteolytic fragmentation and/or changes in glycosylation (14, 25, 26) . For ␤-DG, an intermediate band was also observed (Fig.  1A2) ; consistent with what was previously described in other cell lines (35) . Immunoblotting for utrophin unexpectedly revealed a ϳ200-kDa band in addition to the ϳ395-kDa full-length band (Fig. 1A3) . We also noticed two other faint bands of ϳ120 and ϳ130 kDa (Fig. 1A3) . These utrophin isoforms were mainly expressed in the cytosol fraction, whereas the full-length protein was strongly detected in the whole cell lysate fraction and was present at a relatively low level in the membrane fraction (Fig. 1A3) .
DGs and utrophin proteins form a common complex in Caco-2-BBE cells. As shown in Fig. 1, B1 and B2, when ␣-DG immunoprecipitates were probed with an anti-␤-DG antibody, we observed the expected immunoreactive band at ϳ43 kDa (Fig. 1B1) , and when ␤-DG immunoprecipitates were probed with an anti-␣-DG antibody, we observed the expected immunoreactive band at ϳ120 kDa (Fig. 1B2) . These results dem-onstrate that ␣-DG and ␤-DG co-precipitate. We then tested whether DG associates with utrophin in Caco-2-BBE cells. When utrophin immunoprecipitates were probed with an anti-␤-DG antibody, a specific immunoreactive band was observed at ϳ43 kDa associated with a light ϳ31-kDa band (Fig. 1B3) . In addition, when ␤-DG immunoprecipitates were probed with an anti-utrophin antibody, we observed immunoreactive bands at ϳ120, ϳ130, ϳ200, and ϳ395 kDa, representing the major forms of utrophin in Caco-2-BBE cells (Fig. 1B4) . For all experiments, no bands were detected using beads only as a negative control or when using irrelevant isotype MAb. Together, these results indicate that ␣-DG, ␤-DG, and utrophin form a common complex in Caco-2-BBE epithelial cells.
␣-DG associates with ␤ 1 -integrin in Caco-2-BBE cells. We tested whether ␣-DG was associated with ␤ 1 -integrin in Caco-2-BBE cells. When ␤ 1 -integrin immunoprecipitates were probed with an anti-␣-DG antibody, we observed the expected immunoreactive band at ϳ120 kDa (Fig. 1B5) . When ␣-DG immunoprecipitates were probed with an anti-␤ 1 -integrin antibody, we observed an immunoreactive band at ϳ110 kDa, representing ␤ 1 -integrin (Fig. 1B6) . No apparent band was visualized in the beads used only as a negative controls or when using irrelevant IgG isotype MAb. Together, these results suggest that ␣-DG and ␤ 1 -integrin associate in Caco-2-BBE cells.
DGs and utrophin are basolaterally polarized in Caco-2-BBE cells. The membrane localizations of the human DGs and utrophin were assessed in confluent Caco-2-BBE monolayer. We examined the plasma membrane expression of DGs and utrophin by surface biotinylation and confocal immunofluores- cence microscopy. Plasma membrane domain-specific proteins were separately labeled by biotinylating each of them (apical and basolateral) ( Fig. 2A) . Under nonreducing conditions, Western blots probed with anti-␣-DG showed a band at ϳ120 kDa (Fig. 2A1, lane 2) , and the anti-␤-DG displayed one immunoreactive band at ϳ43 kDa and one lighter band at ϳ31 kDa, all exclusively on the basolateral membrane (Fig. 2A2,  lane 2) . As a control experiment, we showed that Na-KATPase (a basolateral marker) reacted with the appropriate bands at ϳ112 and ϳ150 kDa under nonreducing conditions (Fig. 2A3, lane 2) , all exclusively on the basolateral membrane, whereas hPepT1 (an apical marker) reacted with the appropriate band at ϳ75 kDa under nonreducing conditions (Fig. 2A4,  lane 1) . Confocal microscopy revealed that utrophin was strongly present in the basolateral membrane (Fig. 2B) (Fig. 3A1) , truncated V5-DG (Fig. 3A2) , and V5-DG binding domain of utrophin (Fig. 3A3) were isolated in selective media (see MATERIALS AND METHODS). All constructs were verified by the TNT T7 quick coupled transcription/translation system (Promega) prior to transfections (results not shown). V5-DG, truncated V5-DG, and V5-DG binding domain of utrophin proteins expressed in Caco-2-BBE cells were detected by Western blot analysis using an anti-V5 antibody. Caco-2-BBE cells transfected with V5-DG displayed one immunoreactive band at ϳ43 kDa (Fig. 3B1, lane 1) , representing the expected size of ␤-DG fused with the V5 epitope. Under these conditions, ␣-DG was not detected because the DG gene product was postranslationally cleaved into an NH 2 -terminal ␣-DG and a COOH-terminal ␤-DG (26). Caco-2-BBE cells transfected with mutated V5-DG showed one immunoreactive band at ϳ35 kDa, representing the expected size of V5-DG without the COOH-terminal amino acid sequence (Fig. 3B1, lane 3) . Caco-2-BBE cells transfected with Fig. 2 . DGs and utrophin are basolaterally polarized in Caco-2-BBE monolayers. Filter-grown Caco-2-BBE monolayers were subjected to domain-specific biotinylation (ap, apical domain; bl, basolateral domain) for 30 min followed by Western blot analysis of total cell lysates. Biotinylated proteins were separated on a 4 -20% SDS-polyacrylamide-gel and transferred to a nitrocellulose membrane. Blots were immunostained with anti-␣-DG (A1), anti-␤-DG (A2), anti-Na-K-ATPase (A3), or anti-hPepT1 antibodies (A4). Confocal microscopy was used to localize actin (red) and utrophin (green) in Caco-2-BBE monolayers. Horizontal sections (xy) were taken near the basolateral domain in Caco-2-BBE monolayers (B1). Irrelevant IgG isotype antibody (green) was used as negative control (B2) together with actin (red).
an empty vector (negative control) did not react with the anti-V5 antibody (Fig. 3B1, lane 2) . Finally, the V5-DG binding domain of utrophin-transfected Caco-2-BBE cells showed one immunoreactive band at ϳ12 kDa (Fig. 3B2) , representing the expected size of the V5-DG binding domain of the utrophin construct. Furthermore, to confirm that the DG binding domain of the utrophin (residues between 3057 and 3107) binds to the ␤-DG, we immunoprecipitated the whole cell lysate of Caco-2-BBE transfected with DG binding domain of utrophin using the anti-␤-DG antibody. The immunoprecipitate was analyzed using an anti-V5 antibody (Fig. 3B3) . We obtained two clear bands at ϳ42 and ϳ55 kDa. The ϳ55-kDa band suggests a binding of the DG binding domain of the utrophin (residues between 3057 and 3107, ϳ12 kDa) with the ␤-DG (ϳ43 kDa). The ϳ42-kDa band can be explained as a result of the association between DG binding domain of the utrophin and the ϳ31-kDa band of ␤-DG (Fig. 1A2) . The binding domain of the ␤-DG to utrophin is conserved in its 31-kDa form (35) . The association between the 31-kDa form of ␤-DG and the ϳ12 kDa of the transfected V5-DG binding domain of the utrophin fragment should be the same as the binding between the full-length ␤-DG and the full utrophin (27) . The stability of this association under denaturing conditions suggests a strong binding. As negative control, we used the vector alone transfected cells as initial lysate and no immunoreactive band was detected.
Confocal microscopy revealed that V5-DG was mostly localized at the basolateral membrane (Fig. 3, C1 and C2) . Similar membrane localizations were found for truncated V5-DG and the V5-DG binding domain of utrophin (results not shown).
Kinetics of Caco-2-BBE cell attachment and spreading on different extracellular matrixes.
We demonstrated that the time course capacitance measured at 40 kHz of Caco-2-BBE cells spread differently on electrodes coated with laminin-1 and laminin-2 compared with electrodes coated with BSA or not coated (Fig. 4) . We examined the capacitance shift (s), the time (t 1/2 ) necessary for Caco-2-BBE cells to spread out on half the Fig. 3 . Basolateral membrane expression of V5-tagged ␤-DG in Caco-2-BBE monolayers. We generated three types of constructs. One expressing the whole human DG gene (A1), a construct expressing a COOH-terminal truncated mutant of the DG lacking amino acids 816 -895 (A2), and a construct expressing the utrophin amino acids 3057-3107 corresponding to its binding domain to DG (A3). Western blot analysis was performed on whole cell lysates from Caco-2-BBE cells transfected with DG (B1, lane 1), empty vector (B1, lane 2), truncated DG (B1, lane 3), and DG binding domain of utrophin (B2). Whole cell proteins (50 g/lane) were subjected to 4 -20% SDS-polyacrylamide-gel electrophoresis, and blots were immunostained with a mouse anti-V5 antibody (B1 and B2). Caco-2-BBE cells transfected with the DG binding domain of utrophin and with the empty vector were immunoprecipitated with anti-␤-DG antibody, and the immunoprecipitates were immunoblotted with anti-V5 antibody (B3). Confocal microscopy was used to localize actin (red) and V5-tagged DG (green) in Caco-2-BBE monolayers transfected with the V5-tagged DG (C1). Horizontal sections (xy) were taken near the basolateral domain of the monolayer. C2 is a negative control showing the actin localization on the monolayer without the anti-V5 antibody. C3 is stained with an irrelevant IgG isotype antibody (green) as negative control together with actin (red). available electrode, and the rate of Caco-2-BBE cell spreading (Fig. 4B) . Cells on electrodes coated with laminin-1 attach and spread significantly faster (Fig. 4 , green: t 1/2 ϭ 3.12 Ϯ 0.51 h, s ϭ 0.5 Ϯ 0.14 nF/h, n ϭ 4) than cells plated on noncoated electrodes (Fig. 4 , black: t 1/2 ϭ 9.0 Ϯ 2.17 h, s ϭ 0.27 Ϯ 0.02 nF/h, n ϭ 3). Similarly, cell attachment and spreading on electrodes coated with laminin-2 (Fig. 4 , blue: t 1/2 ϭ 7.50 Ϯ 1.29 h, s ϭ 0.23 Ϯ 0.01 nF/h, n ϭ 3) are significantly faster than cells on noncoated electrodes (Fig. 4 , black: t 1/2 ϭ 9.0 Ϯ 2.17 h, s ϭ 0.27 Ϯ 0.02 nF/h, n ϭ 3). We also noticed a significant difference in attachment and spreading between cells plated on laminin-1 and laminin-2 matrixes. We coated electrodes with BSA (Fig. 4 , red: t 1/2 ϭ 9.0 Ϯ 0.14 h, s ϭ 0.22 Ϯ 0.00 nF/h, n ϭ 3) as a control protein and showed that cell attachment and spreading are very similar to cell attachment and spreading on noncoated electrodes (Fig. 4 , black: t 1/2 ϭ 9.0 Ϯ 2.17 h, s ϭ 0.27 Ϯ 0.02 nF/h, n ϭ 3).
Kinetics of Caco-2-BBE cell attachment and spreading on laminin-1 and laminin-2.
To examine the role of laminin-1 and laminin-2 in cellular adhesion, we studied the time course of attachment and spreading of Caco-2-BBE cells on various concentrations of laminin-1-and laminin-2-coated electrodes. We measured capacitance at 40 kHz when Caco-2-BBE cells suspended in medium were seeded into measuring arrays with electrodes precoated with laminin-1 (Fig. 5A ) or laminin-2 ( Fig. 5B ) at final concentrations of 0.1, 1.0, 10, or 20 g/ml. As shown in Fig. 5, A1 and A2, the attachment and spreading of Caco-2-BBE cells on the laminin-1-precoated electrode was directly related to the laminin-1 concentration (0.1 g/ml laminin-1: t 1/2 ϭ 4.90 Ϯ 0.58 h, s ϭ 0.40 Ϯ 0.06 nF/h, n ϭ 4; 1.0 g/ml laminin-1: t 1/2 ϭ 3.70 Ϯ 0.28 h, s ϭ 0.58 Ϯ 0.04 nF/h, n ϭ 4; 10 g/ml laminin-1: t 1/2 ϭ 1.40 Ϯ 0.08 h, s ϭ 1.60 Ϯ 0.06 nF/h, n ϭ 4; 20 g/ml laminin-1: t 1/2 ϭ 1.10 Ϯ 0.08 h, s ϭ 2.22 Ϯ 0.10 nF/h, n ϭ 3). Electrodes precoated Fig. 4 . Time-course capacitance measured at 40 kHz when Caco-2-BBE cells spread into the electric cell-substrate impedance sensing (ECIS) array whose electrodes were not coated (black: t1/2 ϭ 9.0 Ϯ 2.17 h, s ϭ 0.27 Ϯ 0.02 nF/h, n ϭ 3 ), coated with BSA (segmented: t1/2 ϭ 9.0 Ϯ 0.14 h, s ϭ 0.22 Ϯ 0.00 nF/h, n ϭ 3), coated with laminin-1 (grew with border: t1/2 ϭ 3.12 Ϯ 0.51 h, s ϭ 0.5 Ϯ 0.14 nF/h, n ϭ 4), and coated with laminin-2 (light gray: t1/2 ϭ 7.50 Ϯ 1.29 h, s ϭ 0.23 Ϯ 0.01 nF/h, n ϭ 3). Half times (t1/2) and apparent spreading "s" rates were determined for each lane. We coated the electrodes with 10 g/ml BSA, laminin-1 and laminin-2 were used for coating the electrodes. *P Յ 0.05, **P Յ 0.005, ***P Յ 0.001. Pictures of the electrodes were taken after plating the cells on the wells (T ϭ 0) and in the end of the experiment when cells are at confluence (T ϭ 25).
with laminin-2 showed a barely significant laminin-2 concentration dependence effect compared with laminin-1 (Fig. 5B) . Interestingly, Caco-2-BBE cells attached and spread faster on electrodes precoated with 10 g/ml laminin-1 vs. those precoated with 10 g/ml laminin-2 [10 g/ml laminin-1: t 1/2 ϭ 1.40 Ϯ 0.08 h, s ϭ 1.60 Ϯ 0.06 nF/h, n ϭ 4; vs. 10 g/ml laminin-2: t 1/2 ϭ 39.0 Ϯ 0.25 h (P ϭ 5.3e Ϫ9 ), s ϭ 0.06 Ϯ 0.00 nF/h, n ϭ 2 (P ϭ 1.0e
Ϫ4 )]. Together these results demonstrate that Caco-2-BBE cells attached and spread faster on laminin-1 than on laminin-2. For all the following experiments, electrodes were precoated with 10 g/ml laminin-1 or laminin-2.
DG receptor plays a role in Caco-2-BBE cell attachment and spreading. To study whether DG plays a role in cell attachment and spreading, we compared the attachment and spreading of DG-overexpressing Caco-2-BBE cells vs. vectortransfected controls on electrodes precoated with 10 g/ml laminin-1 or laminin-2. Attachment and spreading of the two Caco-2-BBE transfectants were similar on electrodes precoated with laminin-1 (DG-overexpressing Caco-2-BBE cells: t 1/2 ϭ 2.75 Ϯ 0.60 h, s ϭ 0.64 Ϯ 0.13 nF/h, n ϭ 4; vs. vectortransfected Caco-2-BBE cells: t 1/2 ϭ 3.00 Ϯ 0.34 h, s ϭ 0.60 Ϯ 0.10 nF/h, n ϭ 4) (Fig. 6A) . It is likely that the overexpression of DG does not affect Caco-2-BBE attachment and spreading that is already maximal on laminin-1. However, when the electrodes were precoated with laminin-2, the DGoverexpressing Caco-2-BBE cells attached and spread significantly slower than the vector-transfected Caco-2-BBE cells (DG-overexpressing Caco-2-BBE cells: t 1/2 ϭ 31.25 Ϯ 3.5 h, s ϭ 0.10 Ϯ 0.01 nF/h, n ϭ 4; vs. vector-transfected Caco-2-BBE cells: t 1/2 ϭ 16.5 Ϯ 0.8 h, s ϭ 0.16 Ϯ 0.01 nF/h, n ϭ 4) (Fig. 6B) . These results show that DG receptor expressed in Caco-2-BBE cells significantly affected cell attachment and spreading when the ECM is laminin-2.
␤ 1 -Integrin receptor has higher affinity to laminin-1 than to laminin-2 in Caco-2-BBE cells. We found that the addition of an anti-␤ 1 -integrin function-blocking antibody completely abrogated the relatively fast spreading and attachment of empty vector-transfected or DG-overexpressing Caco-2-BBE cells on . Each trace and bar represents an average of n wells. Half times (t1/2) and apparent spreading rates (s) were determined for each lane on laminin-1 (A2) and on laminin-2 (B2). *P Յ 0.05, **P Յ 0.005, ***P Յ 0.001 vs. 0.1 g/ml.
laminin-1 (Fig. 7A) . When electrodes were precoated with laminin-2, empty vector-transfected Caco-2-BBE cells had a slight blocking of attachment and spreading properties in the presence or absence of the ␤ 1 -integrin-blocking antibody (vector-transfected Caco-2-BBE cells in the presence of ␤ 1 -integrin-blocking antibody: t 1/2 ϭ 34.0 Ϯ 1.00 h, s ϭ 0.07 Ϯ 0.01 nF/h, n ϭ 3; vs. vector-transfected Caco-2-BBE cells in the absence of ␤ 1 -integrin-blocking antibody: t 1/2 ϭ 27.0 Ϯ 1.89 h, s ϭ 0.12 Ϯ 0.02 nF/h, n ϭ 4), whereas the attachment and spreading of Caco-2-BBE cells overexpressing DG on laminin-2 was significantly reduced in the presence of the ␤ 1 -integrin-blocking antibody (DG-transfected Caco-2-BBE cells in the presence of ␤ 1 -integrin-blocking antibody: t 1/2 ϭ 39.0 Ϯ 8.22 h, s ϭ 0.05 Ϯ 0.00 nF/h, n ϭ 4; vs. DG-transfected Caco-2-BBE cells in the absence of ␤ 1 -integrin-blocking antibody: t 1/2 ϭ 36.5 Ϯ 1.02 h, s ϭ 0.11 Ϯ 0.00 nF/h, n ϭ 4) (Fig.  7B) . These results collectively demonstrate that the ␤ 1 -integrin is crucial for attachment and spreading of Caco-2-BBE cells on laminin-1 and that DG may play a specific role on ␤ 1 -integrin in the cell attachment and spreading on laminin-2. Fig. 8A , Caco-2-BBE cells transfected with empty vector and treated with an anti-DG function-blocking antibody showed reduced attachment and spreading on electrodes precoated with laminin-1 (vectortransfected Caco-2-BBE cells in the presence of anti-DG function-blocking antibody: t 1/2 ϭ 25.0 Ϯ 5.70 h, s ϭ 0.07 Ϯ 0.00 nF/h, n ϭ 3; vs. vector-transfected Caco-2-BBE cells in the absence of anti-DG function-blocking antibody: t 1/2 ϭ 2.60 Ϯ 0.21 h, s ϭ 1.00 Ϯ 0.11 nF/h, n ϭ 4). Interestingly, when Caco-2-BBE cells overexpressing DG were treated with the anti-DG function-blocking antibody, we observed a significant reduction of attachment and spreading on laminin-1 precoated electrodes as compared as the DG-transfected Caco-2-BBE cells in the absence of anti-DG function-blocking antibody (DG-transfected Caco-2-BBE cells in the presence of anti-DG function-blocking antibody: t 1/2 ϭ 22.0 Ϯ 2.70 h, s ϭ 0.09 Ϯ 0.00 nF/h, n ϭ 3; vs. DG-transfected Caco-2-BBE cells in the absence of anti-DG function-blocking antibody: t 1/2 ϭ 6 Ϯ Fig. 6 . DGs play a role in Caco-2-BBE cell attachment and spreading on laminin-1 and laminin-2. The time courses of capacitance were measured at 40 kHz during attachment and spreading of Caco-2-BBE cells on electrodes precoated with 10 g/ml laminin-1 (A1): cells transfected with empty vector (black: t1/2 ϭ 3.00 Ϯ 0.34 h, s ϭ 0.60 Ϯ 0.10 nF/h, n ϭ 4), cells overexpressing DG (gray: t1/2 ϭ 2.75 Ϯ 0.60 h, s ϭ 0.64 Ϯ 0.13 nF/h, n ϭ 4); electrodes precoated with 10 g/ml laminin-2 (B1): cells transfected with empty vector (black: t1/2 ϭ 16.5 Ϯ 0.8 h, s ϭ 0.16 Ϯ 0.01 nF/h, n ϭ 4), cells overexpressing DG (gray: t1/2 ϭ 31.2 Ϯ 3.5 h, s ϭ 0.10 Ϯ 0.01 nF/h, n ϭ 4). Each trace and bar represents an average of n wells. Half times (t1/2) and apparent spreading rates (s) were determined on laminin-1 (A2) and on laminin-2 (B2). *P Յ 0.05, **P Յ 0.005 vs. vector-transfected Caco-2-BBE cells.
Activation of DG receptor increases laminin-1/␤ 1-integrin interactions and decreases laminin-2/␤ 1 -integrin interactions in Caco-2-BBE cells. As shown in
1.0 h, s ϭ 0.66 Ϯ 0.10 nF/h, n ϭ 3). On laminin-2 (Fig. 8B) , only vector transfected Caco-2-BBE cell attachment and spreading were significantly blocked in the presence of DGblocking MAb compared with the vector-transfected Caco-2-BBE cells in the absence of DG function-blocking MAb (vector-transfected Caco-2-BBE cells in the presence of anti-DG function-blocking antibody: t 1/2 ϭ 32.0 Ϯ 4.8 h, s ϭ 0.06 Ϯ 0.01 nF/h, n ϭ 4; vs. vector-transfected Caco-2-BBE cells in the absence of anti-DG blocking MAb: t 1/2 ϭ 20.0 Ϯ 1.8 h, s ϭ 0.11 Ϯ 0.00 nF/h, n ϭ 4). Interestingly, when Caco-2-BBE cells overexpressing DG were treated with the anti-DG function-blocking antibody, we observed a significant reduction of attachment and spreading on laminin-2-precoated electrodes compared with empty vector-transfected Caco-2-BBE cells under the same conditions (Fig. 8, B1 and B2 (Fig. 9B) . These results collectively suggest that the intracellular COOH-terminal of DG and the DG binding domain of utrophin play a role in the interactions between Caco-2-BBE cells and both laminin-1 and laminin-2 matrixes.
DISCUSSION
Polarized epithelial cells contain apical and basolateral membrane domains with unique protein and lipid compositions. In normal intestinal epithelium, the basal surface of epithelial cells faces the ECM, and the apical surface faces the intestinal lumen. The apical surface of intestinal epithelial cells contains microvilli and specific proteins (i.e., chloride channels) that are quite unlike those on the basolateral surface. Receptors that interact with components of the basal lamina, such as integrins, are located on the basal surface where their intracellular portions can interact with the cytoskeleton and their extracellular portion can interact with the ECM. For example, when integrins bind to ECM ligands, they aggregate in the plane of the plasma membrane and interact on the cytoplasmic side with elements of the cytoskeleton and various signaling molecules. The basement membrane provides a substrate for adhesion of the epithelium to its underlying ECM. For a long time, integrins were considered to be the main receptors linking epithelial cells to basement membranes (33, 45) . In our study, we used Caco-2-BBE cells. Although this cell line derives from a human colonic adenocarcinoma, it is remarkably well differentiated (8) , expressing a luxuriant microvillar brush border with a full complement of intestinal hydrolases, tight junctions, polar sorting of endogenous membrane proteins, and an apically directed section (9, 12, 46) . Morphologically resembling adult small intestinal mucosa, the Caco-2-BBE cell has frequently been used as a model for normal human intestinal mucosa (12, 34) . Here, we demonstrated that ␣-DG, ␤-DG, and utrophin are present in Caco-2-BBE cells and co-localize in the basolateral aspect of the monolayer. As suggested by others (30) , the latter observation suggests that DG, a functional nonintegrin laminin receptor, may play a direct or indirect role in epithelium/ECM interactions in intestinal epithelia.
Laminins are some of the most abundant glycoproteins in the basement membranes of the intestine (50) . Functionally, the various laminins promote intestinal cell adhesion, growth, polarization, and differentiation (10) . Laminin-integrin interactions have emerged as a major cell-adhesion system in the intestinal epithelium. Both laminins and integrins are differentially expressed in the various compartments of the crypt-villus axis in developing and adult intestines. Alterations in the expression of laminins occurring in colon cancers and intestinal pathologies such as Crohn disease and ulcerative colitis have also been observed. In the present study, we demonstrated that Caco-2-BBE cells attach and spread faster on laminin-1 than on laminin-2. We found similar results using nontransformed epithelial cells such as the IEC6 rat small intestinal cell Fig. 9 . The intracellular COOH terminus of ␤-DG and the DG binding domain of utrophin are crucial for the observed changes in laminin-1 and -2 interactions with ␤1-integrin in Caco-2-BBE cells. The time courses of capacitance were measured at 40 kHz during attachment and spreading of Caco-2-BBE cells transfected with empty vector (black), DG (segmented), truncated DG (gray with border), or DG binding domain of utrophin (light gray) on electrodes precoated with laminin-1 (A1) or laminin-2 (B1). Each trace and bar represents an average of four wells. Half times (t1/2) and apparent spreading rates (s) were determined on laminin-1 (A2) and on laminin-2 (B2). *P Յ 0.05, **P Յ 0.005, ***P Յ 0.001 vs. vector transfected Caco-2-BBE cells.
line and Madin-Darby canine kidney (MDCK) cells (data not shown). The latter observation confirms that Caco-2 BBE cells represent an appropriate cell model to study cell attachment and spreading on laminin-1 and laminin-2. Two laminin cell receptors of the integrin family (␤ 1 -and ␤ 4 -integrins) appear to be expressed in the intestinal cells (1) . Although the ␤ 1 -and ␤ 4 -integrins generally bind laminins (1), it is likely that Caco-2-BBE cells interact with laminin-1 and -2 via ␣ 2 ␤ 1 -integrin, which is highly expressed in these cells (54) . Thus the greater Caco-2-BBE cell attachment and spreading on laminin-1 may indicate that ␣ 2 ␤ 1 -integrin has a higher binding capacity for laminin-1 than for laminin-2 (1).
We further demonstrated that DG receptors bind to laminin-1 and laminin-2; Caco-2-BBE cells overexpressing DG showed different cell attachment and spreading properties on laminin-1 and -2 vs. wild-type Caco-2-BBE cells. These results are in agreement with previous studies showing that ␣-DG binds to laminin-1, laminin-2, and laminin-10, but not to laminin-5 (14, 18, 32, 42) . The interaction between the laminin-2 and DG could be minimal at the resting level (wild-type Caco-2-BBE) (Figs. 4 and 5) . However, the overexpression of DG in Caco-2-BBE cells reduced significantly the cell attachment and spreading when cultured on laminin-2 ( Fig. 6) , suggesting a negative signal of laminin-2 on the DG receptor, controlling the cell spreading and attachment. In addition, we observed that DG and ␤ 1 -integrin coprecipitated in the Caco-2-BBE cell membrane fraction, suggesting that these are located in close proximity and that they may physically associate. Thus activation of DG receptors by laminin-1 or -2 appears to play a role in regulating the affinity between ␤ 1 -integrin and laminin-1 and -2, which directs Caco-2-BBE cell attachment and spreading on laminin-1 and -2. Based on our antibody perturbation experiments, we propose the model shown on Fig.  10 . Activation of DG receptors by laminin-1 increases the interaction between ␤ 1 -integrin and laminin-1, leading to increased Caco-2-BBE cell attachment and spreading on laminin-1 (Fig. 10A) . Activation of DG receptors by laminin-2 reduced the interaction between ␤ 1 -integrin and laminin-2, leading to decreased Caco-2-BBE cell attachment and spreading on laminin-2 (Fig. 10B ). In addition, we showed that the DG-blocking antibody reduced the interaction between ␤ 1 -integrin/laminin-1 and increased the interaction between ␤ 1 -integrin/laminin-2, demonstrating that the ␤ 1 -integrin/laminin-1 and ␤ 1 -integrin/laminin-2 interactions are likely regulated by laminin-1 or laminin-2-induced activation of the DG receptor (Fig. 10, A and B) . Together, these results suggest that the DG receptor is essential for signaling events mediated through the utrophin/DG complex. Like most other biological phenomena, cell adhesion is likely to be governed by both positive and negative signals.
The unstructured proline-rich cytoplasmic tail of ␤-DG is known to contain multiple sites for signaling molecule interactions; studies in rat myotubes reveal an association between DG and ␣ 5 ␤ 1 -integrin and other focal adhesion proteins such as focal adhesion kinase (FAK) (41) . Here, we demonstrated that Caco-2-BBE cells overexpressing a COOH-terminally truncated DG protein showed less attachment and spreading on laminin-1 and better attachment and spreading on laminin-2. Similar results were found with Caco-2-BBE cells overexpressing the DG binding domain of utrophin. This may indicate that under these conditions, DG receptor and ␤ 1 -integrin are functionally uncoupled, leading to loss of the intracellular signals regulating the ␤ 1 -integrin/laminin interactions.
In sum, we herein demonstrated that the DGC (␣-DG, ␤-DG, and utrophin) is specifically expressed in the basolateral membrane of Caco-2-BBE monolayers. The co-localization of the DG complex with ␤ 1 -integrin suggests a possible interaction among these proteins. In addition, we showed that laminin-1-induced activation of DG receptor was able to enhance the interaction between ␤ 1 -integrin and laminin-1. In contrast, laminin-2-induced activation of DG receptor reduced the interaction between ␤ 1 -integrin and laminin-2. Finally, we showed that the intracellular COOH-terminal tail of ␤-DG and its binding to the DG binding domain of utrophin is crucial for modulation of the interaction between laminin-1/-2 and ␤ 1 -integrin. These findings have implications for our understanding of the role of integrin-associated proteins such as DGs in Fig. 10 . Model of DG receptor involved in integrin activation in intestinal epithelia. Our results indicate that activation of DG receptors by laminin-1 enhances the interaction between ␤1-integrin and laminin-1 (A1), whereas activation of DG receptors by laminin-2 reduces the interaction between ␤1-integrin and laminin-2 (B1). Furthermore, we propose that the intracellular COOH-terminal tail of ␣-DG and its binding to the DG binding domain of utrophin is crucial for delivering intracellular signals responsible for modulating the interactions between laminin-1/-2 and ␤1-integrin. the intestinal epithelia. We conclude that DGs may not only transmit signals from the exterior of the cell to its interior, but are likely to affect the affinity, specificity, and distribution of integrins making DGs transmitters of signals in both directions through the plasma membrane. 
GRANTS
